D ementia, which is common in older adults, affecting 5% to 8% of the population aged 65 and older 1 and up to 30% of people aged 85 and older, 2 can drastically influence daily life; its prevalence is also increasing. Approximately 48% of people with Alzheimer's disease (AD) are estimated to live in Asia, and this percentage is projected to grow to 59% by 2050. 3 Dementia, including AD, is associated with mortality, 4 so ways to prevent dementia onset are urgently needed.
Several meta-analyses have found that physical activity is associated with improvements in cognitive performance in older adults, [5] [6] [7] and cognitive activities reduce the risk of dementia. 8 A recent systematic review showed that combined cognitive and exercise training, including dualtask (DT) exercises, which involve concurrent cognitive and motor tasks, can improve cognitive function in older adults with and without cognitive impairment. 9 This review indicated that these interventions were beneficial to various components of cognitive function in older adults with healthy cognition, 10 mild cognitive impairment (MCI), 11 and AD.
In addition to the effect of multimodal exercise with physical and DT components on cognitive performance, recent functional magnetic resonance imaging (fMRI) studies have provided evidence that physical exercise changes brain activation. Some studies have reported less brain activation during memory-related 13 or conflict tasks, 14 which suggests that such reduced activation improves neural efficiency during cognitive tasks, but few studies have tested whether multimodal exercise affects neural activity, particularly cortical activation. Therefore, the present study used a randomized controlled trial combined with fMRI data from a visual short-term memory task, which requires frontal lobe function, 15 to investigate whether a 12-week multimodal exercise program, including physical and DT components, could improve cognitive function and the efficiency of brain activation in community-dwelling older adults. It was hypothesized that multimodal exercise would lead to less brain activation in the regions associated with visual short-term memory, especially the prefrontal cortex, because of the DT components of the exercise.
METHODS

Participants
Independently community-living individuals aged 60 and older who were willing to participate in group exercise classes for at least 3 months were recruited from the Kyoto City Silver Human Resources Center, Japan. An interview was used to exclude individuals with a history of major psychiatric illness; a serious neurological diagnosis; or severe cardiac, pulmonary, or musculoskeletal disorders according to self-report. Individuals with cognitive impairment (Mini-Mental State Examination (MMSE) score ≤23) 16 and those who showed major abnormalities on brain MRI scans, such as cerebral infarction or tumor, were also excluded. The study was conducted in accordance with the guidelines of the Declaration of Helsinki, and the ethics committee of the Kyoto University Graduate School of Medicine reviewed and approved the study protocol. The trial registration number is JMA-IIA00108.
Study Design and Randomization
Randomization via computer-generated random numbers was performed in blocks of four participants, stratified according to MMSE score. Participants were randomly assigned to the exercise intervention group (EG) or the control group (CG). EG participants received 90 minutes of group training sessions once per week for 12 weeks and were assigned a pedometer-based walking exercise. CG participants did not receive any intervention and were instructed to spend their time as usual during the intervention phase.
Required Sample Size
A previous study showed that 2 months of combined cognitive and exercise training can improve working memory in cognitively healthy older adults, with an approximate effect size of 0.9. 10 Considering participants' cognitive status and the intervention program used in this study, a sample size of 21 participants per group would be required to reach a power of 0.8, with an alpha set at 0.05 and beta at 0.2. Assuming a dropout rate of 15%, a final sample size of 24 per group was determined to be required.
Intervention Program
Subjects assigned to the EG received 90 minutes of group training sessions once a week for 12 weeks and pedometer-based walking exercise assignments supervised by physiotherapists. Exercise classes followed a standardized format that included 15 minutes of stretching and moderate-intensity exercises, 15 minutes of progressive muscle strength training, and 60 minutes of DT exercise that included three DT categories. 17, 18 The intensity of these exercises was based on recommendation from the American College of Sports Medicine and the American Heart Association. 19 In the first category, participants were instructed to perform a verbal fluency task during short-, fast-step exercises. In the second category, the supervisor assigned a number to various parts of the body (e.g., 1 = right shoulder, 2 = left shoulder), and participants were instructed to perform seated or standing step exercises at a tempo of 60 to 120 beats per minute according to the tempo of the accompanying music. During these exercises, the supervisor periodically stated a number, at which point participants were to touch the appropriate parts of their own body. In the third category, participants were instructed to perform standing step exercises at the same tempo as the second category exercise and to step in one of four directions indicated verbally by the supervisor (right, forward, back, left). The intensity and difficulty of the three exercises were gradually increased over the 12-week period.
During the 12-week intervention phase, the EG received walking exercises, using a pedometer (Yamax Power Walker EX-300; Yamasa Tokei Keiki Co., Ltd, Tokyo, Japan) to measure daily step counts. Participants were instructed to increase the number of daily steps by 15% each month and to record the number of steps taken by the end of each day on a calendar. At the end of every month, a sheet was given to each participant to collect brief feedback about the month's exercises and to provide reminders to record the exercises. The feedback responses were used to assist in setting the number of daily steps assigned for the next month. Walking exercise intensity was not clearly defined. During the first month, EG participants were instructed to increase their steps by approximately 15% relative to baseline (100% ? 115%). During the second and third months, they were also instructed to do so relative to the previous month (115% ? 132.3% ? 152.1%). That is, their steps would have increased by approximately 50% relative to baseline.
Outcome Measures
All participants underwent several evaluations upon entry into this study (preintervention) and at the end of the study (postintervention). Evaluations included measurements of daily step counts, clinical tests (physical and cognitive function), and MRI scans. Before the study, one of the authors (SN) trained all staff members on how to obtain the measurements included in the study. Physical therapists administered the physical function tests, and occupational therapists administered the cognitive function tests; therapists were blinded to group allocation.
Measurement of Average Daily Steps
Participants were instructed to wear the pedometer in a clothing pocket on their dominant leg for 14 consecutive days except when bathing, sleeping, or performing waterbased activities. The averages of their daily step counts for 14 days were calculated.
Clinical Tests
All participants underwent a 10-m walking test, 20 the Timed Up and Go test (TUG), 21 and the Five Chair to Stand test (5CS) 22 to evaluate physical function. In the 10-m walking test, participants walked at their usual speed over a distance of 10 m. The time was recorded to yield 10-m walking speed. In the TUG, participants were instructed to stand up from a standard chair, walk 3 m and back, and sit down. The task was timed for speed. In the 5CS, participants were asked to stand up and sit down five times as fast as possible; the time was recorded. Each of the three tests was assessed once per participant using a stopwatch.
The MMSE, a standard test in cognitive aging research used to assess mental status, was administered to evaluate global cognitive function. 16 Modified versions of the logical memory subtest from the Wechsler Memory Scale Revised (WMS-R) were used to assess memory. 23 In the logical memory subtest, two short stories are read aloud to for immediate (LM-I; maximum score 50) and delayed (after 30 minutes; (LM-II; maximum score 50) recall. The Trail-Making Test (TMT) was administered as a test of executive function, divided attention, and cognitive flexibility. 24 The test is divided into two parts; Part A tests visual scanning and includes a numbered connect-thedots task, and Part B measures cognitive flexibility with a more-complex connect-the-dots task that includes alternating letters and numbers. The time required to complete each task was recorded, with longer time indicating worse performance. Data were analyzed using a difference score between Parts A and B, DTMT, calculated as the difference between the times taken for each part (Part B-A). 25 
Image Acquisition
Whole-brain imaging was performed using a MRI scanner (3.0-Tesla Magnetom Verio, Siemens, Erlangen, Germany). A T2*-weighted echo planar imaging (EPI) sequence sensitive to blood oxygenation level-dependent contrast with 2,000-ms repetition time (TR), 25-ms echo time (TE), 75°fl ip angle, 64 9 64 acquisition matrix, 224-mm field of view, 3.5 mm 2 in-plane resolution, and 39 axial slices with a slice thickness of 3.5 mm was used for functional imaging. A high-resolution structural image was also acquired using a T1-weighted magnetization-prepared rapid-acquisition gradient echo pulse sequence (voxel size 1 mm 3 ). Firm padding was placed around the head of each participant to restrict head motion. The visual stimuli were projected onto a screen, and participant responses were collected using a MRI-compatible response box. The EPI images were acquired during the visual short-term memory task in two consecutive rungs (one for face memory and one for location memory, see below). The first five scans in each run were discarded to compensate for T1 equilibration effects.
fMRI Experimental Protocol
During fMRI scanning, based on a previous study, 26 participants performed the n-back task (n = 1, 0) for the location and face stimuli created. 27 Only 0-and 1-back tasks were used in the present study because 2-or 3-back tasks were thought to be too cognitively demanding for older adults. Because the memory effort for the 1-back task is low, the results of the present study should be interpreted with caution. The visual short-term memory tasks for face and location were conducted in separate fMRI runs. In the 1-back task, participants were required to monitor a series of stimuli (single dot location or faces) and to indicate whether the stimulus was the same as that presented in the previous trial. In the location 0-back task, participants were required to monitor a stimulus and to indicate whether it was located in the center of the screen. In the face 0-back task, participants were required to indicate the sex of a face stimulus. In the rest phase, participants were required to gaze at a fixation cross located in the center of the screen. The location stimuli were made up of a single black dot, which was presented in a randomly designated location. The face stimuli were made up of neutral faces of young Japanese people (university students), with an equal number of male and female faces. The stimulus duration and the interstimulus interval for each task were each 2 seconds. Each of the three conditions (1-and 0-back tasks and rest) was conducted in separate blocks. Each block, which had a duration of 32 seconds (8 trials for 1-and 0-back tasks), was presented four times (a total of 12 blocks), and there were equal numbers of each condition within the block. For the face and location tasks, the order of the 12 blocks was counterbalanced across participants.
Statistical Analysis for Behavioral Data
Baseline characteristics were compared between the EG and CG groups using the Student t-test and the chi-square test. The intervention effects on all outcome measures except for brain activation were determined using two-way repeated-measures analyses of variance (ANOVAs) with group (EG, CG) as a between-subject factor and time (preand postintervention) as a within-subject factor. Data were entered and analyzed using SPSS Windows version 20.0 (SPSS, Inc., Chicago, IL). For all analyses, P < .05 was considered statistically significant.
Image Preprocessing and Statistical Analysis for MRI Data
MRI data were analyzed using Statistical Parametric Mapping 8 (Wellcome Department of Imaging Neuroscience, London, UK). All of the functional images were spatially realigned to the first functional image to correct for head motion. The resulting volumes were normalized to a standard EPI template based on the Montreal Neurological Institute reference brain (resampled voxel size 2 mm 3 ). The normalized images were smoothed using an isotropic 8-mm full-width-at-half-maximum Gaussian kernel. A high-pass filter of 1/128 Hz was used to remove low-frequency noise, and a first-order autoregressive model was used to correct temporal autocorrelation.
The fMRI data were analyzed using the blocked design. Activated voxels in each experimental condition were identified using a statistical model containing a boxcar function convolved with a canonical hemodynamic response function. The experimental conditions consisted of a 1-back task, a 0-back task, and rest. In addition to analyzing the face and location conditions, the fMRI data were also analyzed by combining two tasks to maximize the statistical power. Linear contrasts were used to obtain participant-specific estimates for each effect. The brain activation associated with visual short-term memory was analyzed using the contrast of the 1-versus 0-back task. These estimates were then entered into a second-level analysis that treated the participant as a random effect. To identify regions in which brain activation associated with visual short-term memory increased or decreased after the 12-week intervention, brain activation before the intervention was compared with that after intervention in the EG using two-sample t-tests. The statistical threshold was set at P < .001 (uncorrected for multiple comparisons, cluster size >10 voxels).
The MarsBaR 28 software was also used to extract the signal changes of regions identified in the analysis described above. The signal changes were averaged across all voxels in a given cluster. The group-by-time interactions in the signal changes were determined using two-way repeated-measures ANOVAs using SPSS.
RESULTS
Overall, 70 participants were screened, 52 (74.3%) of whom met the inclusion criteria, agreed to participate, and were enrolled in the study; four of these were removed on the basis of the exclusion criteria, two with a MMSE score less than 24, one with apparent brain damage on structural MRI, and the other with missing fMRI signals, leaving 48 participants to complete the 12-week intervention phase and the postintervention assessment: 24 in the EG and 24 in the CG (Figure 1) .
The baseline characteristics of both groups were well matched, and there were no significant differences in any variables between the groups at baseline, with the exception of reaction time in the 0-back tasks (Table 1) . Twelve exercise sessions were scheduled during the intervention phase, and all were performed. Median adherence was 91.7% (25th-75th percentile 83.3-100%) in the EG over the 12 weeks. Physiotherapists monitored for adverse events; there were none.
Change in Average Daily Steps
Average daily steps increased in the EG by 54.1% (from 7,266 AE 3,001 to 11,189 AE 5,823) during the study period but not in the CG (from 6,269 AE 1,885 to 5,692 AE 1,654). There was a significant group-by-time interaction (F = 30.2, P < .001; Table 1 ). Median adherence for recording the step counts was 100% (25th-75th percentile 99.0-100%) in the EG over the 12 weeks.
Effect of Intervention on Physical and Cognitive Functions
There were significant group-by-time interactions in physical function, with EG participants having greater improvements in walking speed (F = 9.37, P = .004) and 5CS time (F = 11.2, P = .002) but not TUG time (Table 1) .
There were significant group-by-time interactions in cognitive function, with EG participants having greater improvements in memory (WMS-LM I: F = 7.44, P = .009; WMS-LM II: F = 7.80, P = .008) and executive (DTMT: F = 6.05, P = .018) function. There was no group-by-time interaction for MMSE score ( Figure 2 , Table 1 ). 
Effect of Intervention on Brain Activation Associated with Visual Short-Term Memory
There was no significant group-by-time interaction for visual short-term memory performance (face, location, face + location) after the intervention phase (Table 1) , perhaps because of a ceiling effect. The fMRI analysis showed that decreased brain activation was associated with each of the face and location tasks in several brain regions in the EG (Table 2) . Although these results indicate that the exercise intervention might affect different neural networks (depending on the type of stimuli), these results were not a priori hypothesized, and these results are therefore not further discussed. After the intervention phase in the EG group, it was found that none of the regions showed significantly increased brain activation in association with the face and location tasks. When combining the data from the two tasks, decreased brain activation was found to be associated with visual short-term memory in several brain regions, including the bilateral prefrontal cortex in the EG after intervention ( Figure 3, Table 2 ), whereas no region showed significantly increased brain activation. The effects observed in the prefrontal cortex did not survive correction for multiple comparisons (P < .001 uncorrected, k > 10 voxels) and should therefore be interpreted with caution. Nevertheless, the fact that these effects were bilateral and consistent with a strong a priori hypothesis reduces the likelihood that they were due to chance. The region of interest analysis revealed that there were significant groupby-time interactions in the signal changes in the right (F = 10.8, P = .002) and left (F = 7.71, P = .008) superior frontal gyri (Figure 3) . Although the interaction effect observed in the right superior frontal gyrus aligned with the prediction, greater activation during the 0-back task after the intervention phase drove the interaction in the left superior frontal gyrus. Therefore, the findings in the left superior frontal gyrus prevent us from drawing firm conclusions and should be interpreted cautiously. In the right superior frontal gyrus, the interaction was also observed for the face condition (F = 7.71, P = .008) but not for the location condition (F = 0.77, P = .38). In the left superior frontal gyrus, the interactions were also observed for the face (F = 3.52, P = .048) and location (F = 3.81, P = .047) conditions. The region of interest analyses to test a group-by-time interaction were performed independently of the whole-brain Statistical Parametric Mapping subtraction analysis (after vs before intervention) for the EG. Thus, the analysis successfully avoided the problems associated with double dipping. 29 
DISCUSSION
A 12-week multimodal exercise program with DT and walking exercises improved memory and executive function and led to decreased brain activation associated with short-term memory. These findings suggest that physical and cognitive exercise may improve the efficiency of brain function and thereby cognitive performance. Participants in the EG had significant improvements in memory and executive function as well as physical performance. Physical activity alone [5] [6] [7] and combined cognitive and exercise training 9 can improve cognitive function in older adults. The results of this study support and expand these previous results. The physical and cognitive exercise program was performed for 12 weeks and involved changes in cognitive load using DT stimulation. Of previous studies that used physical and cognitive exercise interventions for 12 or fewer weeks, 10, 30, 31 only one whose participants exhibited normal cognition 10 showed positive effects on working memory and memory function. Shortterm multimodal exercise with DT training could lead to cognitive improvement only in cognitively healthy elderly individuals. In the current study, EG participants performed daily walking exercise in addition to DT training; they also significantly increased their daily steps over the 12 weeks. Furthermore, there were significant correlations between percentage change in daily steps and percentage change in memory function in the EG (WMS-LM II: correlation coefficient = 0.622, P = .001). A previous study also indicated that physical activity and behavioral intervention improved memory and global cognitive function in older adults. 32 Because few studies have indicated cognitive improvements induced by short-term aerobic exercise alone, [5] [6] [7] the positive results in the present study may be attributed to the addition of walking to everyday life and DT training.
Despite similar pre-and postintervention task performance on the 0-and 1-back task (possibly due to a ceiling effect), it was found (on fMRI) that decreased brain activation was associated with short-term memory in the prefrontal cortex after the intervention, regardless of the type of stimulus. This finding can be interpreted as a marker of improved neural efficiency, given that a smaller amount of energy (prefrontal activity) was needed to perform the same amount of work (n-back task) after the intervention. The logic of neural efficiency (decreased activation at comparable performance levels) has been used in several previous studies in which performance was similar between groups but activation decreased in the experimental group. 33, 34 This study hypothesized that multimodal exercise (DT training) would affect the efficiency of neural circuitry during the short-term memory task. It may have been that the higher cognitive loads that the DT exercise required resulted in reduced effort and improved brain activation during the short-term memory task.
Elderly adults with MCI or at risk of dementia tend to have greater brain activation than cognitively healthy elderly adults during interference 35, 36 and memory 37 tasks, likely due to more-extensive, stronger cortical recruitment in task-related regions. 38 The compensation-related use of neural circuits hypothesis 39 assumes greater recruitment of neural resources at low levels of cognitive load in older adults than in younger adults, with a loss or reversal in age-related differences in compensatory mechanisms at higher levels of load. A similar difficulty-related reversal would also be observed in cognitively high-and low-risk older adults. The effect of physical exercise or cognitive training on task-related brain activation in cognitively healthy elderly adults has varied according to previous results. 40, 41 One study found that DT training led to decreased activation in the bilateral dorsolateral prefrontal cortex and the right ventrolateral prefrontal cortex and increased activation in the left ventrolateral prefrontal cortex. 42 Although the results of the current study support the finding of decreased activation in the bilateral dorsolateral prefrontal cortex, it may be that the exercise training affects the asymmetric change of brain activation depending on the brain regions. Another study also reported that a multimodal intervention led to increased brain activation associated with interference tasks in cognitively high-risk older adults, 43 which may indicate that the effects of the exercise on brain activation differ according to the subject's cognitive level and the type of cognitive task. In the present study, it is likely that the cognitive health of participants and the low cognitive load of the fMRI task after the multimodal exercise were important factors in the decreased brain activation associated with improved cognitive performance. Further studies are necessary to investigate the effect of similar exercise on brain activation in elderly individuals with MCI or AD.
There were several limitations to this study. First, this trial was not double blinded. Second, a follow-up after the intervention was not arranged, so any longitudinal effects of the intervention remain unknown. Third, the control groups were not arranged to have only one component (physical or cognitive exercise) of the multimodal treatment. It is not known whether one or both components were necessary for the observed changes. Fourth, the greater social contact of the EG was not controlled for. Social engagement is known to affect cognitive functioning, and the social engagement in addition to physical activity may have partially affected the EG.
CONCLUSION
A 12-week physical and cognitive exercise program can improve the efficiency of brain activation in older adults; this result is consistent with improvements observed in memory and executive function. Future studies are needed to examine the longitudinal effect of the intervention and whether this program can be used to prevent the onset of dementia.
